The study investigates the spectra of vibrations transmitted onto the body of a wheelchair user during the ride on typical floor surfaces in public buildings and in their vicinity. Three wheelchair types are considered in the study (universal and active ones). Selected factors are examined that determine the amplitude of vibration acceleration acting upon humans in the analysed frequency range (wheelchair type, user's body mass, surface type). The spectral analysis gives an insight into some of the factors which lead to a change of the vibration parameters registered at the user's seat.
Introduction
Wheelchair is a vehicle intended for disabled people, propelled by muscle force or by a dedicated motor designed in such a way that the ride velocity should be not higher than the walking speed. Apart from providing body support, a wheelchair enables the rectilinear, curvilinear, and rotational motion. Disabled people using wheelchairs can function well in the society, are capable of moving both inside and outside buildings, and even play sports (using sport wheelchairs).
In accordance with the technical standard PN-ISO 6440:2001, a wheelchair comprises four functional subsystems: the body support (a seat, backrest, armrests, footrest, headrest, devices providing extra support for legs), the frame (seat and backrest frame), the driving system (two small caster wheels at the front and two large ones at the rear, driving hoop, and the mechanism rotating the self-adjusting wheels at the front). Therefore, a wheelchair can be configured to tailor it to the specific needs of an individual user (disability type, dimensions, preferences, intellectual ability, etc.).
Basically, wheelchair users can be categorised into four groups. The first group includes people incapable of walking, some of them are independent, use active wheelchairs (making them self-sufficient and giving them a chance to lead an active life), others need assistance and rely mostly on electric-powered wheelchairs. The latter group includes people with the impaired walking ability dependent on their wheelchairs in the long-term perspective. The third group includes ablebodied people dependent on their wheelchair for a limited period of time, because of an injury, a short-term illness, or other reasons.
Wheelchair ride over various surfaces, both inside and outside buildings, gives rise to vibrations transmitted onto the user via the wheelchair structure. The basic component whose function is to suppress vibration is the frame (Sydor, 2003) . A portion of energy is absorbed at the same time by the front and rear wheel tyres and seat. However, during a ride at a high speed or over uneven ground, a large portion of energy is transmitted onto the wheelchair user's body.
Vibrations have a negative impact on the internal organs in humans and may lead to their getting tired easily. The actual impact of vibrations, transmitted directly or indirectly from a vibrating system, is related to the amplitude and frequency of the excitation sig-nal. Vibrations in the frequency range from 1 to over a dozen Hz have proved to be the most dangerous. Long-term vibration exposure disturbs the function of the circulatory system, leads to limb trembling, and causes pain of joints or the lumbar and pectoral vertebrae sections, as well as pains in the chest, also referred to as motion-sickness (Engel, Zawieska, 2010) .
Even though research work aimed to give us a better insight into those issues and help develop the measures to be taken to minimise the vibrations generated in everyday life situations is deemed to be important, few authors have attempted to make a quantitative analysis of vibration transmitted onto wheelchair users.
Presently, the vibration exposure evaluation criteria encompassing mostly ergonomic aspects are those set forth in the technical standards ISO 2631-1, ISO 2631-2, PN 88B-02171 and Regulation by the Minister of Labour and Social Policy of 6th June 2014, specifying the highest admissible concentrations and levels of hazardous factors at work. Another option is to rely on criteria established experimentally and compiled in the publications by von Békésy (1939), Miwa As mentioned in the previous section, there are numerous works defining the vibration perception threshold. However, not all of them can be effectively used when investigating the effects of vibration exposure of wheelchair users. Griffin and Parsons (1988) and Morioka and Griffin (2008) investigated the vibration reception by people sitting upright with their backs unsupported (thus neglecting the vibrations transmitted onto the lumbar and pectoral vertebrae sections via the backrest). In those studies the threshold contours for vibration perception in the X and Y direction (horizontal) are different, deviating from the standards ISO 2631-1. In the authors' opin- ion, the conditions in this case resemble most those encountered by a wheelchair user during the ride. That is why the adopted exposure assessment criterion is the threshold contour of vibration perception presented in (Morioka, Griffin, 2008 ).
The objectives and scope of the study
The purpose of the study was to analyse the spectra of vibration transmitted onto the wheelchair user during the ride over various surfaces. As a basis for the analysis the value of acceleration amplitudes of vibrations perceived by humans, in the investigated frequency range, and observing the behaviour of wheelchair users were used. The authors attempted to find out the extent to which factors such as: wheelchair type, user's body mass, or surface type would be responsible for their vibration perception. Thus obtained amplitude-frequency plots were compared with the vibration perception threshold contours. Due to the risks arising from the resonant frequency of the internal organs and due to the criterion of assessment (limit of perception of feeling vibrations), vibrations in the frequency range 2-100 Hz were a special subject of assessment.
Those taking part in the experiment were both disabled people (well skilled in wheelchair use) and people committed to the wheelchair for a short time period.
Test wheelchairs
Testing was carried out on three types of wheelchairs, as shown in Fig. 1 . Their technical data are summarised in Table 1 . Those taking part in the test were three individuals -two able bodied persons -a woman (50 kg) and a man (109 kg) using universal wheelchairs and one disabled person: a man (70 kg) who used an active wheelchair. 
Methodology
The testing aimed at investigating vibrations perceived by wheelchair users during the ride over various types of surfaces. The measurement procedure used the spectrum analyser SVAN 958, equiped with a tri-axial disc for whole-body vibration measurements SVAN-TEK SV 39A. The positioning and orientation of the disc during the measurements is shown in Fig. 2 . During the experiment the wheelchair with the sitting user was always propelled by another person (both for the active and universal wheelchair) at the pace of 1-1.5 m/s.
Measurements were taken over straight line sections, with no significant ground inclinations (the largest registered slope was 6%). The input vibrations caused by wheelchair-surface interactions were transmitted onto the user via the wheelchair construction. Thus the user was subjected to whole-body vibration transmitted onto the body via the buttocks (buttocksseat interaction), feet (feet-footrest interactions) and back (back-seat interactions). The user's back was supported by the backrest (passive ride).
The tests were conducted in the premises of the Department of Mechanical Engineering of the Cracow University of Technology (PK), on surfaces both inside and outside the campus buildings. There were 12 typical surface types widely used in public buildings and in their surroundings. No allowance was made for rides over damaged surfaces or those in a bad working order, or rides over obstacles (such as barrier curbs). Three selected surface types are shown in Fig. 3 and their characteristics are summarised in Table 2 .
Measurement signals from the tri-axial sensor were passed to the spectrum analyser where the signals were registered and the loggers were processed using the program SvanPC++. The measurements were performed on different pavement lengths (from several to several tens of meters), which determined the time of signal registration. The different pavement lengths were related to the architectural solutions on the premises of the Department of Mechanical Engineering. On the other hand the authors tried to assess as many diverse surfaces which may occur in public places as possible. Some measurement section have had a shorter length (up to 6 m), and the authors avoided non-rectilinear movement of the wheelchair. Therefore, time of registration varied and ranged from 7 to 20 seconds.
During the measurements the data interval was set at 1 second. The obtained signal was linear averaged. On that basis vibration acceleration spectrum diagrams were obtained for 1/3 octave bands and com- 
Results
The measurement results were evaluated basing on the difference between the measured vibration acceleration a 0 and the vibration perception threshold value for humans (in accordance with (Morioka, Griffin, 2008) ) for the given octave bands. According to the standard ISO 2631-1, the analysed frequency bands are in the range from 2 Hz to 100 Hz.
Figures 8-11 illustrate the differences ∆a between the measured vibration acceleration values a 0 for test wheelchairs W1, W2, W3 during the ride over test surfaces [granite slabs (N-1), sett pavement (N-9) and concrete boards (N-12)] and the threshold contour for vibration perception according to (Morioka, Griffin, 2008) . This difference is expressed by the formula (1): In the stage 1 the measurement results that were obtained for Person 1 and Person 2 using the wheelchairs W1 and W2 and moving over the surfaces N-1, N-9, N-12 were compared.
In the case of vibration produced during the ride over the test surfaces N-1 and N-9 (Figs. 8 and 9) there are considerable differences between the measured vibration acceleration values and the critical perception levels. In the case of a smooth surface N-1, the value plotted on the vertical axis should not exceed 0.15 m/s Those studies have investigated the particular user -wheelchair -test surface interactions. Figure 11 shows the results obtained in another test configuration: Person 2 using the wheelchair W1 traversing the test surface N-12 (a level surface, like N-1).
Comparing the plots in Figs. 10 and 11 , we observe that in the direction Z (continuous line) the actual values of the difference (a 0 -a M&G ) are similar with the body mass of 109 kg), one should bear in mind that the user's body mass is not the only determinant of the vibration perception on the seat in universal wheelchairs. In the direction Z, the values of the vibration acceleration difference for Person 1 and Person 2 were comparable and so they were for the direction X (with minor exceptions in the lower frequency range). For the direction Y , however, the differences obtained for particular users were considerable. Further measurements should be taken to find out whether the wheelchair -user's mass system ought to be treated as just one mass (wheelchair mass plus the mass of object being transported) moving along a specified trajectory, or perhaps the trajectory of the object being transported should be assumed to be quite different from that of the wheelchair itself, which would be the explanation of the results obtained. ]. In the direction X (the fore-aft direction as shown in Fig. 2 ), the differences between the acceleration values exceed the threshold of vibration perception for the two test participants and those values are similar in the entire frequency range (maximal differences between the plots are ±0.2 m/s 2 ). In the Y axis this difference is nearly 4 times greater and the highest levels are registered for the user with the largest body mass (Person 2). Figures 14 and 15 show the results obtained for the wheelchair W2. For the vibration direction X (Fig. 14) the discrepancies between the values of (a 0 -a M&G ) for Persons 1 and 2 are similar to those obtained in tests with wheelchair W1 (the maximal difference being 0.6 m/s 2 ) and depending on the frequency range, the maximal levels were reached both by Person 1 and Person 2. For the direction Y (Fig. 15) , the values registered for the user with a larger body mass (Person 2) would exceed the threshold contour values specified in (Morioka, Griffin, 2008) .
The measured vibration accelerations in the direction Z for Persons 1 and 2 moving in wheelchairs W1 and W2 are compared in Figs. 16 and 17 . As regards this vibration direction, higher vibration accelerations were registered for a lighter person (Person 1) in the entire frequency range, for both test wheelchairs W1 and W2. Vibration accelerations measured for wheelchair W2 are found to be lower than for wheelchair W1.
Plots in Figs. 16 and 17 indicate that the increase in the wheelchair mass resulted in the enhanced vibration acceleration in the direction Z, whilst the increase in the user's mass led to a decrease of the vibration acceleration registered on the seat even though the overall mass of the wheelchair-user system was increased.
In the stage 2 the measurements were taken of vibration accelerations on the seats of all wheelchairs (W1, W2, W3) through evaluation of the difference in acceleration levels (a 0 -a M&G ) for two test participants Higher vibration acceleration levels are registered for the wheelchair with the lowest mass. The actual values of the difference in accelerations (a 0 -a M&G ) for wheelchairs W1 and W2 follow a similar pattern (in excess of 8 Hz they are below the threshold contours for vibration perception, i.e. the value 0.0 m/s 2 ). Plots in Figs. 20 and 21 show the measurement results for the direction Z and for two test surfaces: N-1 and N-9. It appears that the difference between measured vibration accelerations in this direction is quite insignificant. For the test surface N-1, the highest vibration accelerations are registered for wheelchair W3 and for the test surface N-9 -for wheelchair W1 whose mass is five times larger.
Evaluation of uncertainty of the measurement result
In order to evaluate the measurement results the procedure of determination of measurement uncertainty has been performed. It focuses only on the evaluation of the uncertainty the measurement results (without specifying the expanded uncertainty).
In according with (JCGM 100, 2008) a Type A evaluation of standard uncertainty of measured parameters is given by the procedure bulleted below:
• the arithmetic mean q of the n observations (q kresult of the k-th measurement),
• the experimental standard deviation s(q k ), characterises the variability of the observed values q k ,
• the experimental standard deviation of the mean s 2 (q)
• a Type A standard uncertainty u A
Result of evaluation of a Type A standard uncertainty
Example results of calculation of a Type A standard uncertainty for the obtained measurement values are presented in Tables 3 and 4 Table 4 . Comparison of a Type A standard uncertainty uA of the measured acceleration values for the pavement N-9 and for Person 1 (on the wheelchair W1) and Person 3 (on the wheelchair W3). On the basis of the presented analysis the distribution a Type A standard uncertainty u A of the measured acceleration values (Figs. 22 and 25 ) it can be concluded that it is dependent on the type of wheelchair, mass user, and the type of pavements.
Discussion and conclusions
Wheelchair users, both those using them permanently or temporarily, are exposed to vibrations generated during the wheelchair ride over various types of surfaces. The proportion of wheelchair users in Poland is only 7% (long-term partial or total wheelchair dependence) (Sydor, 2013) . Polish reports and publications lack data about studies investigating this issue and aimed at developing new solutions to improve the wheelchair users' comfort and safety.
A major issue involved in vibration assessment is the selection of the criterion which would provide the reference for further measurements. According to the standard ISO 2631-1 sitting people are at a risk of injuries due to long-lasting whole body vibration exposure. Wheelchair users fit this description perfectly (Wolf et al., 2005) . Research work conducted by (VanSickle et al., 2001 ) demonstrated that a manually-propelled wheelchair user is exposed to vibrations that exceed the levels set forth in the relevant standard ISO 2631-1 (Wolf et al., 2005) . Griefahn and Brode (1999) established that the standard ISO 2631-1 is most useful when assessing the impacts of vibrations in one axis and proves to be inadequate in analyses of more than one direction of vibrations. Their measurements revealed that frequency weighing coefficients for lateral vibrations were underestimated in the frequency range in excess of 1.6 Hz, which encompasses the most critical frequencies (Wolf et al., 2004) .
According to the standard ISO 2631-1 sitting people run the risk of injury due to long-term whole body vibration exposure. That ISO standard specifies the impacts of the vibration exposure on humans in terms of user comfort, annoyance, and harmfulness of the effects. It appears that assessments of vibration transmitted onto wheelchair users ought to be based on criteria given in this standard. In the authors' opinion, however, relating the levels of vibration perceived by wheelchair users to the normative criteria is unjustified because the person riding in a wheelchair should not only have the vibration comfort provided, but in fact should be free from vibration exposure at all (for example patients with diagnosed aneurysm).
Numerous publications contain proposals to reduce the level of vibration transmitted onto the wheelchair users through the application of additional suspension elements or by providing seat cushions. Reduction of vibration transmitted onto human body is necessary to prevent the occurrence of secondary injuries such as low back pain, disc degeneration. However, experiments conducted by (Kwarciak et al., 2008) and (Wolf et al., 2004) revealed that application of additional mount elements does not significantly reduce the level of vibration transmitted onto the wheelchair user body when traversing certain obstacles and barriers (such as curbs).
The preliminary analysis helped identify some of the factors which caused the change in the value of vibration accelerations registered on the wheelchair seat. Major determinants of the level of vibration include the surface type, wheelchair type, and the body mass of the wheelchair user. Of particular importance is the surface type. The experiments performed as a part of this study showed that the highest vibration accelerations were registered during the ride on the sett pavement, which produced high-level excitations in the three directions and for all wheelchairs used in the study. The work (Wolf et al., 2005) established that heterogeneous surfaces give rise to higher vibration exposure than level surfaces (poured concrete boards). According to the authors, the block pattern (the angle at which blocks are arranged with respect to each other) is of key importance as well. Further, the larger the spacing between individual stones or blocks (joint), the higher vibration acceleration levels.
Measurements were taken to establish how the behaviour of the system "wheelchair-mass of the object in the wheelchair-surface type" should influence the vibration acceleration levels. Experiments showed that an increase in the wheelchair user's mass need not necessarily produce increased vibration levels. It appears that this system's dynamic behaviour is much more complex and cannot not governed by a simple, straightforward relationship. It is impossible to state for which wheelchair type which body mass of the user would be most adequate.
It is worthwhile to mention that only one person among tests participants was a long-term wheelchair user. This fact is of some importance, too. Research conducted by (Pope et al., 1987) established that there is a clear dependence between the posture of the wheelchair user and the vibration perception. Persons who had to maintain the straight position are exposed to higher levels of whole-body vibration than those remaining in the natural, relaxed position. Persons who were not used to wheelchairs did not assume the relaxed position.
Of particular importance was the fact that the active wheelchair was individually tailored to the needs of its user, whilst the remaining wheelchairs were the universal ones. DiGiovine et al. (2000) found out that other factors, such as wheelchair configuration and adaptation to the individual user's needs, have a bearing on the level of vibration perception, too.
The results obtained so far implicate the need to develop the procedure of choosing the wheelchair most suited to the particular conditions (user's body mass, surface type).
Wheelchair manufacturers do not provide information about the wheelchair performance in the context of vibration perception by humans. According to (VanSickle et al., 2001 ) the force and moment values registered in the manually-propelled wheelchairs during the experiments were different from those obtained during the wheelchair tests performed to determine their service life. Most authors emphasise the fact that their experiments use the simulations of environment in which the wheelchairs function (VanSickle et al.,  2001 ). The objective of this study was to evaluate the mobility and vibration perception by individuals using wheelchairs on the grounds of the PK Department of Mechanical Engineering campus. The surfaces investigated in the study are typical ones not only in the vicinity of the campus, but also widely used inside and outside public buildings and in residential areas. The results of the research program can be well utilised in urban development plans (particularly when planning hospitals, high schools, or universities) because one should bear in mind that 'aesthetic aspects' do not necessarily mean 'users' comfort.
